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ABSTRACT 

We report the detection of periodic {p = 1.96 hours) bursts of extremely 
bright, 100% circularly polarized, coherent radio emission from the M9 dwarf 
TVLM 513-46546. Simultaneous photometric monitoring observations have es- 
tablished this periodicity to be the rotation period of the dwarf. These bursts, 
which were not present in previous observations of this target, confirm that ultra- 
cool dwarfs can generate persistent levels of broadband, coherent radio emission, 
associated with the presence of kG magnetic fields in a large-scale, stable config- 
uration. Compact sources located at the magnetic polar regions produce highly 
beamed emission generated by the electron cyclotron maser instability, the same 
mechanism known to generate planetary coherent radio emission in our solar 
system. The narrow beams of radiation pass our line of sight as the dwarf ro- 
tates, producing the associated periodic bursts. The resulting radio light curves 
are analogous to the periodic light curves associated with pulsar radio emission 
highlighting TVLM 513-46546 as the prototype of a new class of transient radio 
source. 

Subject headings: pulsars: general — radiation mechanisms: non-thermal — 
radio continuum: stars — stars: activity — stars: low-mass, brown dwarfs — 
stars: magnetic fields 
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INTRODUCTION 



Ultracool dwarfs are generally defined as those dwarfs with spectral type > M7 (IKirkpatrick et al. 



19971 ). encompassing very low mass stars just above the stellar /substellar boundary and 
all brown dwarfs below it. Surprisingly, despite their low bolometric luminosity, a num- 



(Bereer et al. 


2001; 


Bereer 


2002; 



20071 ). Initially, the detection of variable, broadband radio emission with low net circular 
polarization suggested incoherent gyrosynchrotron r adiation due to a population of electron s 
spiraling in the magnetic field of the ultracool dwarf (IBerger et al. II2005I : lOsten et al. II2006I ). 
This is the mechanism by which higher mass dwarf stars are thought to generate persistent 
levels of radio emission. However, such stars are surrounded by high temperature chromo- 
spheres and coronae and the levels of radio emission they produce have been found to be 



tight ly correlated to their coronal X-ray luminosities (iGiidel &: Benz Ill993l : iBenz &: Giidel 
19941 ). Ultracool dwarfs, on the other hand, are thought to poss ess cooler, more neutral 



atmospheres, as evi denced by their low Ha and X-ray luminosities (IMohanty fc Basri 112003 



Stelzer et al. II2006I ). and yet can produce high levels of radio emission, many orders of mag- 
nitude brighter than predicted by this relationship. 



Berger et al. I (120051 ) reported a periodicity of ~ 3 hours in the radio emission detected 
from one such ultracool dwarf 2MASS J00361617+1821104 citing orbital motion of a com- 
panion, rotation of the dwarf or pe r iodic magnetic reconnection as possible causes of the 
observed behaviour. iHallinan et al. I (120061 ) detected a periodicity in the radio emission from 
a second ultracool dwarf, TVLM 513-46546 (hereafter TVLM 513) consistent with the pu- 
tative rotation period of the dwarf derived from v sin i data, thereby favouring rotation 
as the cause of the observed periodicities for both dwarfs. Based on this assumption, the 
periodic variability can be explained by either (a) an anisotropically beamed radio emission 
mechanism or (b) the occultation of very high brightness temperature compact regions in 
the magnetosphere of the dwarf. Both scenarios were deemed inconsistent with isotropic 
gyrosynchrotron emission from a large extended corona. It was postulated that the radio 
emission from ultracool dwarfs may instead be due to coherent electron cyclotron maser 
emission generated in the low density regions above the poles of a large-scale magnetic field 
(IHallinan et al. 1 120061 ) . the same mechanisr a producing t he coherent radiati on detected from 
the magnetized planets in our solar system (jZarka lll998l : lErgun et al. Il2000l ). However, stud- 
ies of the electron cyclotron maser instability operating in planetary magnetospheres have 
reported intrinsically narrow banded, 100% polarized emission. The radio emission from 
TVLM 513, on the other hand, was found to be broadband with net circular polarization 
< 13% reaching a periodic maximum of ~ 40%, properties more consistent with the incoher- 
ent gyrosynchrotron process. We have conducted further deep pointings of TVLM 513 in an 
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effort to unambiguously distinguish between incoherent gyrosynchrot ron emission and coher- 
ent electron cyclotron maser emission. The periodicity reported by iHallinan et al. I (120061 ) 



was once again present, but the dwarf was found to be in a much more active state than 
in previous epochs, producing periodic bursts of extremely bright 100% circularly polarized 
emission. These observations provide direct confirmation that ultracool dwarfs can produce 
persistent levels of broadband, 100% polarized, coherent electron cyclotron maser emission. 



2. OBSERVATIONS 

We used the Very Large Array (VIA) to observe the M9 dwarf TVLM 513-46546 for 
~ 10 hours at a frequency of 8.44 GHz on 2006 May 20 and for ~ 10 hours at a frequency 
of 4.88 GHz on 2006 May 21. Data reduction was carried out with the Astronomical Image 
Processing System (AIPS) software package. The light curve of the 8.44 GHz radio emission 
is characterized by periodic bursts of both left and right 100% circularly polarized emission, 
the brightest periodically reaching flux values of ~ 5 mJy, which are stable in phase for the 
duration of the observation (Fig. 1). Similar, albeit less bright (up to ~ 1 mJy), periodic 
bursts are also present in the 4.88 GHz light curve. The periodicity of 1.96 hours was also 
retrieved in I band photometric monitoring observations of TVLM 513 using telescopes at 
the US Naval Observatory (USNO), Flagstaff Station and the Vatican Observatory (VO), 
Arizona confirming that the periodicity present in the radio emission from TVLM 513 is due 
to the rotation of the dwarf (Fig. 2). Therefore, although the bright, polarized bursts present 
in the radio data appear to be transient flares, they are produced by the strong beaming 
of persistent radio emission together with the rapid rotation of the dwarf. For the limiting 
case of perfectly beamed emission and assuming a source < 0.5R from the surface, where R 
is the radius of the dwarf, we can use the duration of the bursts to geometrically constrain 
the size of the emitting source region to be < 0.22R. Using this value, we can establish the 
brightness temperature of the radio emission to be > 2.4 x 10^^ K, which, together with the 
100% circular polarization and extremely narrow beaming, provides conclusive confirmation 
of its coherent nature. 

The phase folded light curves of the radio emission detected from TVLM 513 at 8.44 and 
4.88 GHz are shown in Fig. 3. The flux detected over the duration of the observation was 
0.464 ±0.009 mJy and 0.368 ±0.011 mJy at 8.44 and 4.88 GHz respectively. These values are 



similar to those reported previously for this dwarf by lHallinan et al. I (120061 ) of 0.405 ± 0.018 



^The VLA is operated by the National Radio Astronomy Observatory, a facility of the National Science 
Foundation operated under cooperative agreement by Associated Universities, Inc. 
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mJy and 0.396 ±0.016 mJy at 8.44 and 4.88 GHz respectively. However, the periodic bursts, 
particularly those detected at 8.44 GHz which are an ord er of magnitude bright er than the 



mean flux values, were not detected in the observations of iHallinan et al. I (120061 ) . indicating 
that activity levels in the compact regions producing the bursts have increased greatly in the 
intervening ~ 16 months between the two epochs. Although the periodic bursts are 100% 
circularly polarized, the interpulse emission at both frequencies is largely unpolarized. This 
unpolarized component does not display the high degree of periodic variation observed for 
the 100% circularly component of the emission indicating much lower intrinsic beaming of 
the emission. 

Although periodic bursts are detected at 4.88 and 8.44 GHz, the phase folded light 
curves suggest narrowband structure across this frequency range, for example the brightest 
burst in the 8.44 GHz phase folded light curve does not appear to have a counterpart in 
the 4.88 GHz light curve. Although there is a burst at a similar phase in the 4.88 GHz 
light curve, it is left circularly polarized and thus probably originates in a region of opposite 
magnetic polarity to the right circularly polarized 8.44 GHz burst. It should be noted that 
direct correlation of the radio emission at both frequencies is subject to the assumption 
that the periodic bursts were stable in phase and amplitude over the duration of the two 
night monitoring campaign, as data were not obtained at both frequencies simultaneously. 
It is notable that the phase folded light curve of the 4.88 GHz emission is characterized by 
two highly polarized bursts per period of rotation of the dwarf, separated by ~ 0.5 phase. 
This is consistent with emission from the same source region emitted perpendicular to the 
local magnetic fleld and hence detected twice per period of rotation. In contrast, the bursts 
observed at 8.44 GHz are only detected once per rotation and hence may be obscured on 
one side by optically thick plasma or indeed the stellar surface. 



THE ELECTRON CYCLOTRON MASER 



The characteristics of the periodic bursts, which include 100% circular polarization, 
high brightness temperature and very narrow beaming, are al l consistent with coherent 
emission generated via the elect ron cyclotron maser instability (ITreumann II2006I ). As dis- 
cussed by IHallinan et al. I (120061 ) . the unpolarized component of the radio emission detected 
from TVLM 513 may also be produced by the coherent electron cyclotron maser mechanism, 
but incoherent gyrosynchrotron or synchrotron emission cannot be ruled out without further 
multifrequency observations to separately characterize the 100% circularly polarized bursts 
and the unpolarized component of the emission. 



The electron cyclotron maser instability is the mechanism deemed responsible for the 
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coherent radio emission detected from the magnetized planets in our Solar System (jZarka 
19981 : lErgun et al. II2OOOI ). and has also been proposed as a source of certain classes of solar 
and stellar bursts. The bulk of planetary electron cyclotron maser emission is confined 
to high magnetic latitudes and in-situ measurements of Earth's auroral kilometric radiation 
(AKR) have provided the deepest insights in to the nature of the radiation mechanism. AKR 
is associated with the presence of magnetic field-aligned electric fields at high magnetic 
latitudes that (1) evacuate thermal plasma along open field lines enabling the formation 
of density cavities where the electron cyclotron frequency can greatly exceed the plasma 
frequency, Vc 3> fp, a prerequisite for the generation of electron cyclotron maser emission 
and (2) accelerate electrons into these density cavities that adiabatically evolve along field 



lines of increasing strength to form an unstable 'horseshoe' or 'sh ell' distribution (jPritchett 



1984 : iPritchett fc Strangeway I Il985l : IWinglee fc Pritchett I Il986l ) , providing the free energy 
to power the maser emission. Emission in the R-X mode perpendicular to the magnetic field 
in the source region is favoured, resulting in emission of opposite polarity from m a gnetic 
polar regions of opposite polarity. A similar model was proposed by iHallinan et al. I (120061 ) 
to account for the radio emission detected from ultracool dwarfs, now confirmed to be the 
case with the detection of periodic 100% circularly polarized bursts from TVLM 513. 

The means by which the stable magnetic field aligned electric fields are generated and 
maintained in the magnetosphere of TVLM 513 remains unclear. We rule out the interaction 
of the magnetosphere with a stellar wind from a coronally active star, the means by which 
a large fraction of planetary maser emission is powered, as high resolution ad aptive optics 



observations of TVLM 513 have found no evidence of a physical companion (jClose et al. 



2OO3I ). It is also unlikely that a close-in orbital companion is responsible, as is the case for 
the component of Jupiter's maser emission associated with the Jupiter-Io electrodynamic 
circuit. The narrow duty cycle bursts detected from TVLM 513 are tightly locked in phase 
with rotation of the dwarf and hence are not in corotation with an orbital companion. We can 
assert therefore that the stable electric fields are somehow generated and sustained within 
the magnetosphere of the ultracool dwarf. It is worth noting that the rapid rotation of 
Jupiter is also thought to be an efficient source of electron acceleration for a component of 
the non-Io related maser emission and a similar scenario may be applicable to TVLM 513. 



4. MAGNETIC FIELD DIAGNOSTICS 

Electron cyclotron maser radiation is emitted at the electron cyclotron frequency de- 
noted by Vc ~ 2.8 X KfB Hz, where B is the magnetic field strength in the radio emission 
source region. It has been proposed that emission at the secondary harmonic may dominate 
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where radiation generated at the fundamental electron cyclotron frequency cannot escape 
due to gyroharmonic absorption by thermal plasma, for example, in the case of maser emis - 
sion generated at the base of magnetic flux tubes in the solar corona (IMelrose fc Dulk Ill982l ). 
However, thermal plasma density is expected to be much lower in the density cavities located 
at the magnetic polar regions of TVLM 513 than at the base of the solar corona, and there- 
fore optical depth at the secondary harmon ic layer should also be much smaller than derived 
for the solar case. iMelrose fc Dulk I (119821 ) also note that growth at the fundamental is ex- 
tremely efficient limiting the energy available for growth at higher harmonics. Importantly, 
measurements by the FAST satellite at Earth and the Ulysses probe at Jupiter have directly 
confirmed that planetary electron cyclotron maser emission is almost entirely generated at 
the fundamental frequency. Therefore, emission at the fundamental frequency is strongly 
favoured for the bursts of electron cyclotron maser emission detected from TVLM 513. We 
can thus derive the field strength at the source of the 8.44 GHz bursts detected from TVLM 
513 to be ~ 3 kG, confirming the estimate of iHallinan et al. I (120061 ). These high magnetic 
field strengths, which can also be attributed to other ultracool dwarfs previously detected 
at radio frequencies including a number of bona fide brown dwarfs , are of the same order 



as th o se confirmed for the mos t magnetically active dMe fiare stars (jJohns-Krull fc Valenti 



19961 ). iReiners fc Basri I (120071 ) have recently directly measured the magnetic field strengths 
of a number of ultracool dwarfs confirming that magnetic fiux is indeed maintained at the 
lower end of the main sequence. 

The extremely high stability in phase of the narrow duty cycle, 100% circularly polar- 
ized bursts detected from TVLM 513, coupled with the detection of bursts at both 4.88 and 
8.44 GHz, confirm that these high strength magnetic fields are in a large-scale, stable config- 
uration. This is further supported by the periodic signal detected in the I band photometric 
data (Fig. 2), which is stable in phase and amplitude for the duration of the 4 night moni- 
toring campaign, consistent with the presence of high strength, fixed magnetic field regions 
at the stellar photosphere (Lane et al. in preparation). Multiple bursts of both left and right 
100% circularly polarized emission, which originate in regions of opposite magnetic polarity, 
are confined to the same range of phase of rotation of the dwarf (~ 0.45 — 0.78, Fig. 3), 
indicating the probable presence of a dipolar component to this large-scale magnetic field. 
Periodic bursts are detected when the axis of this dipolar field lies in the plane of the sky, 
which occurs twice per period of rotation of the dwarf. This model requires the dipolar field 
to be tilted relative to the rotation axis of the dwarf. 
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DISCUSSION AND CONCLUSIONS 



Electron cyclotron maser emission generated at the poles of a large-scale magnetic field 
may b e a ubiquitous s ource of ra dio emission frora planets, brown dwarfs and very low mass 



stars. IKellett et al. I (|2002| ) and iBingham et al. I (120011 ) have also proposed that electron 
cyclotron maser emission originating in the polar regions of a large-scale magnetic field may 
be a source of radio emission from coronally active stars, particularly dMe flare stars. The 
recent magnetic mapping of a rapidly rotating M4 dwarf has revealed the presence of a dipolar 
component, confirni ing that such stars can indeed possess large-scale, stable magnetic fields 
( jPonati et al. II2006I ). In light of the observed behaviour of TVLM 513 we note that many of 
the coherent bursts detected from stellar sources, particularly dMe flare stars, might not be 
transient flare events but rather may be due to the beaming of persistent electron cyclotron 
maser emission coupled with rotation of the star. Periodicity may have gone undetected 
for higher mass stars as they have much longer periods of rotation than ultracool dwarfs 
( IZapatero Osorio et al. II2006I ). making it difficult to directly associate coherent flares with 
a particular phase of rotation. 

In light of the sharp drop observed in the levels of Ha and X-ray emission for late M, 
L and T dwarfs, the electron cyclotron maser may prove a vital diagnostic tool for remote 
sensing of plasma conditions and magnetic field strengths and topologies in the mass gap 
between planets and stars. Previous radio surveys have been undertaken of a volume limited 
sample of ultracool dw arfs in the Solar neighborhood, resulting in an overall detection rate of 
~ 10% (IBerger II2006I ). However, these surveys were conducted solely at a frequency of 8.44 
GHz, important when considering that electron cyclotron maser emission is characterized 
by an upper cut-off frequency associated with the maximum magnetic field strength in the 
magnetosphere of the dwarf. A detection at 8.44 GHz requires magnetic field strengths of at 
least 3 kG. Therefore a much larger fraction of these objects with maximum field strengths 
below this value, particularly lower mass L and T dwarfs, may be detectable sources at lower 
frequencies. We highlight the recent observation of periodic bursts of c oherent emission from 
an unknown source towards the Galactic Center, GCRT J1745-3009 (IHyman et al. II2005I ). 
at a frequency of 330 MHz, as the possible detection of an as yet unidentified cool, dim 
brown dwarf or extrasolar planet in the Solar neighborhood. In particular, the period of 
1.28 hours observed for the bursts from GCRT J1745-3009 compares favourably with the 
period of 0.98 hours observed for the bursts detected at 4.88 GHz from TVL M 513, and the 
bursts have only been detected in ~ 7% of the time spent on source thus far (IHyman et al. 



20071 ). indicating long-term activity variation similar to that observed for TVLM 513. 
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Fig. 1. — The light curves of the total intensity (Stokes I) and the circularly polarized (Stokes 
V) radio emission detected at 8.44 GHz from TVLM 513. Right circular polarization is 
represented by positive values and left circular polarization is represented by negative values 
in the Stokes V light curve. Bursts of both 100% right circularly polarized emission (an 
example is highlighted as RCP) and 100% left circularly polarized emission (an example is 
highlighted as LCP) are detected with a periodicity of 1.96 hours. The absence of a left 
circularly polarized burst at approximately 8.7 UT is due to the VLA being pointed at a 
phase calibration source. 
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Fig. 2. — Lomb-Scargle periodograms of (a) the 8.44 GHz radio data obtained on May 
20 2006 (b) the 4.88 GHz radio data obtained on May 21 2006 (c) the I band photometric 
monitoring data obtained on May 21 2006 with the Vatican Observatory (VO) 1.8m telescope 
and (d) the I band photometric monitoring data obtained on May 18 2006 with the US Naval 
Observatory (USNO) Flagstaff Station Im telescope. The dashed line corresponds to the 
putative rotational period of 1.96 hours for TVLM 513. The periodicity present in the radio 
data is also present in the optical data confirming rotation of the dwarf as the source of this 
periodicity. 
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Fig. 3. — Light curves of the total intensity (Stokes I) and circularly polarized (Stokes V) 
radio emission detected from TVLM 513 at 8.44 and 4.88 GHz (4.88 GHz shifted by -2 mJy) 
phase folded to a period of 1.958 hours. For the circularly polarized (Stokes V) light curves, 
right circular polarization is represented by positive values and left circular polarization is 
represented by negative values. Two periods of each phase folded light curve are shown for 
clarity. Inset: Closer examination of the brightest burst detected at 8.44 GHz reveals further 
structure, possibly due to the anisotropic morphology of the source region of this burst. The 
dashed line corresponds to an unfolded light curve of one of the bursts correlated with the 
phase folded light curve to confirm that this further structure is not a product of the phase 
folding of the data. 



